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ABSTRACT
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ju2%?
Over the past three years, ressarch has been ¢onducted on SAR 52100
and AISI M-50 steel balls. The initial intent of this testing, was
to improve fatigue life of balls by reducing or eliminating end
fiber areas. The end fiber areas, in previous testing, (Ref. 1 and 2)
have been shown to be more sensitive to spalling than areas where

fiber is parallel to the surface.

Numerocus lote of balls vere menufactured by various methods or
modifications of standard manufacturing methods. None of these
methods produced balls in vwhich end fiber aress were significantly

reduced.

" Tests of balls produced by verious methode of manufacture, intended

to reduce end fiber areas, gave varying results This indicated the
inpectance of other variables vhich require control before the effects
of end fiber can be campletely analysed. Additional experimentation
vas directed to an evaluation of the effect of non-metallic inclu-
sions, rate and magnitude of plastic deformation in material processing

as well as continued fiber orientation studies.

Three lots of balls have shown & significant improvement in fatigue
life. One lot, peened at room temperature in the pre-hardened condi-
tion, showed a significant reduction in life scatter. A second lot,
manufactured for purposes of cbtaining high silicate non-metallic
inclusions, showed a significant reduction in the frequency of spalling
of end fiber areas accampanied by exceptional aversge fatigus life of
nomal scatter. The third lot, containing high sluminate non-metallic
inclusions, shoved a significant improvement in the fatigue iife of

end fiber material, Dy tdre
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INTRODUCTION:

.2-

A research progrem to investigata the effect of fiber orientation

on rolling contact fatigue life was cne of the prolects carried on
by the Subcommittee on Lubrication and Wear, originally under the
National Advisory Cammittee for Aeronautics and reconstituted urder
the National Asronautics and Space Administration. Data produced

by NASA Levis Research Center, hes shown that end-grain or fiber
demonstrates high sensitivity to failure by spalling. This conclu-
sion is based on correlation of frequency of spalls ocurring in end
and side fiber areas with the anticipated frequency based on position

of ball track with respect to fiber areas.

On the besis of these data it was proposed that NRC conduct &

Research Program to reduce or eliminate the end fiber areas of
bearing components. Work includes the fabrication of test speciments
(balls) in which fiber orientation variables are controlled and the
testing of these specimens in NASA type five ball lest rigs. In the
initial phase, six different types of ball fabrication were eveluated
including the present couventional method, a pinch-off method, a
twist-off method, cross extruded metal powdsr rod, peened balls, and
balls fabricated by conventional methods fram rods with the graein flow

nomal to the usuml axial grain flow.

Preliminary results of this initial phase tended to confirm the

theory that the effect of material fiber orientation was a manifes-
tation of more fundsmentil material characteristics. Results
indicated that percent reduction or degree of working on the stiucture
of material affects rolling contact fatigue life. It was also
hypothesized that impurities or inclusions in the steel would effect,

in verying degree, the resistance of end and side grain material to
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o feilure in rolling contact fatigue. Consequently the program was
expanded to 1include a study of the effects of explosive hardening,
percent reduction in draswing material into ball wire, peening of
balls before and after heat treatment, ausformming, and a study of

effects of non-metallic inclusions.

Work conducted under M-R-C Research Proposal No. 1298 wherein balls
vere tested at NASA Levis Research Laboratories is referred to
herein as Phase I. Work conducted undsr M-R-C Research Proposal No.
1382 wherein balls were tested on similar rigs at M-R-C Research
Laboratories is herein referred to as Phase II. All work was con-
ducted under Contract No. NASw-T2. The procedures, results and

conclusions of the entire progresm undsr this contract are reported.

PROCEDURE ; Teat Specimen Fabrication:
Phase 1

300 lbs of SAE 52100 induction vacuumn melted steel rod was centerlessa
ground for ball febrication in Phese I, Lots DX, DN, DM, and EB
were obtained from this heat of material. Characteristics of this

heat are shown in Table 1.

The following lots of balls were fabricated for testing in this

progran:

LOT8 DX and DN (Reference Balils)

Two lots of reference balls were manufactured by conventional methods:
Lot DK hardened and tempered to Rockwell C t4, and Lot DN hardened

and tempered to Rockwell C 58, The second lot, Rockwell C 58, was
necessary for comparisor with Lot DM which was the same hardness.

Form 406
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10T BM (Pinch-0ff and Twisi-Off)

A four stags die, later extended to esix stages, was used to forge

a ball from bar stock. T;\e first five stages formed an egg-shaped
specimen with progressively smaller snds. In the pinch-off mth:ﬁ,
the ends are then sheared and & rough ball formed in the final round
dle cavity. The intended method of fabrication for & twist-off
group vas not successful, due to inability to control slug size,

preliminary to the final foming operation.

1LOT DL (Sintered)

~This lot vas fabricated from SAB 52100 metal powder which wae com-

pacted, sintered, and cross extruded into rod. The rods were then
sectioned into slugs and hot headed into ball forgings. Due to the
lack of ductility in sintered material cold heading of the cross
extruded rods was not possible utilizing conventional equipment

and methods.

‘'LOT EB (Peened)

Balle stabilized at 1200°F were sutumatically removed from the furnace
to the peening tube where they were hit by an air actuated pistonm.
After baing driven against & hardened steel plate, balls were auto-
matically rvturned to the furnace to maintain temperature. Approxi-
mately 40 balls composed a peening load, and peening was continued
for 24 hours for the full load. Balls vere 0.506" in dismeter prior
to peening, heat treatment, and final finishing to test diemeter.

The peened balls were finished to 0.490" diemeter, erroneously.

Tests results have been corrected for the difference in stress

resulting fram this smell diameter.
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Phase II

Nine different heats of material were utilised in Phuse II as follows:

II

III

A heat of SAE 52100, vacuum induction melted, and centerless
ground into 0.375" diameter bull wire was canventionally formed
into 0.52" diemeter ball forgings from which lots 5, 7, 8, 10

and 11 were finished.

Three heats of SAE 52100, vacuum induction melted, were cast to
a range of ingot slies which were drawn directly into ball wire,
eliminating the billet stage, to give a known percent reduction
in cross sectional area. Rods were centerless ground to 0.375"
diameter from vhich ball forgings were conventionally formed.

This material was used in the fabrication of 184, 19A, 224, and

22B.

Three vacuum induciion melted heats of SAE 52100 had inclusions
(sulfides, aluminates, and silicates) added to the melts to
obtain JK* ratings of 4-5. Lotc 24, 25, mnnd 26 were outained

from this material.

A heat of consumable electrode melted M-50 materiel was obtained
for fanrication into iotc 1 end 27, Due Lo fabrication diffi-

culties of Lot 27, 1t was neccusary to utilize a second heat
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1078 1 and 8 (Reference Balls)

Lots 1 and 8, made from AISI M-50 steel and SAR 52100 steel
respectively, are reference lots manufactured by conventional

- methods.

10TS 1O and TV

™0 lots of balls vere fabricated from 1/2" cross roiled plate,
AISI N-50 material. 1/2" square barg vere cut from the plate in
the longitudinal and transverse directions and ball wire was turned
and centerless ground from the bars. This seriee of operations

~ ylelded ball wire with coutrolled fiver orientation. In one lot,
the fiber orientation was parallel to the ball wvire sxis. In the
other lot, the fider orientation was perpendicular to the ball
wire axis (Fig. 1). Ball wire was then cut to approp:iate slug

length, cold headed, and finished in the conventional manner.

10TS 5 and 7 (Explosive Hardened Group)

SAB 52100 balls vere formed conventionally and rough ground to 0.520".
A separate investigation was initiated in cooperation with the Rocket-
dyne Division of North American Aviation to study the feusibvility

of explosive treatment on SAR 52100 steel halls. It was originally
agreed that Rocketdyne would deeigu shaped charges and initlators

that would create a 100 Kilobar (minimum) imploeion on the rough
ground, 0.520" diameter balls. The original design, as well as
depign modifications at this implosion level falled to produce samples
free of macro or micro-cracks. A reducstion of te implosion force to
50 Kilobars resulted in satisfactory performance Fifty balls each

of Lots 5 and 7 vere treated at this implosion level using

Form 40 .
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Dupont sheet explosive EL-SO0A and Rocketdyne plastic PVWC-3 and PVC-L
as shock transfer media. Lot #5 was hardened and tempered to Rockwell C
t0 before explosive treatment. Loi #7 was hardened and annealed to
Rockwell C 15, explosively treated, and :vhardened and tempered to

Rockwell C 02. Both lots were then finished in the conventionel manner.

1OTS 184, 19A, 224 and 22B (Reduction Guroup)

Within this group, are lots processed fram different heats of material.
This variable is unavoidable, due to the nature of the manufacturing
process. The lote were processed vy pouring vacious size ingots. The

ingots, inturmn, were swaged and druwn to the appropriate size of ball

.uire. The diffexence in cross seclticnal area between the ingot and ball

wire is expressed in percentage reduction of cross sectional area.

LoT REDUCTION
18a 40%
19A 0%
224 90%
228 T5%

Balls were then processed from ball wire in the conventiounal manner.

LOTS 10 and 11 (peened - Room Temperature and YUU°F)

Balls were convenldiunaily formed and rough ground to 0.520" diemeter.
Lot 10 was hardened and tempered tw Rockwell Co2, then peened at
room temperature. Lot 11l was peened at 900°F in the spherodized

annealed state, then hardened and tempered to Rockwell Cu2.

Peening was done in a single vall, five tube, ball-peening rig.
This equipment was desiyned and bulit for thies work. Desiin is
shown on M-R-C Renearch Drawing #R-51018-B. T.e equipment was

operated at 40 cpm for 3 hours treatment on each of five balls.

The rig is powered by alr pressure which is variable in order *o
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control the amount of deformation in balls of differinyg temperatures.
Lot 10, hardsned and peened at room temperature, was processed with
30 psi air pressure to the drive piston, end a resulting surface
deformation of approximately .002" to .003" per surface. The same
pressure on annealed material atgoo’F (Lot 11) resulted in deforme-
tion in excess of .010" per surface or .020" per diameter. Drive
piston pressure wes reduced to 10 psi resuliing in e surface defoma-

tion of .004" to .005" for Lot 1l.

LOT 24, 25, and 26 (Non-metallic Inclusion Group)

Again, beceuse of the variation within the group, it was necessary

" %o process a different heat of material ‘for each lot. Therefore,

these lots have no control or reference group. In each heat of
material, excessive amounts of sulfur, silicom or aluminum respectively,
vere included to produce ball material which would have an inclusion
content of 4-5 JK* -- inclusions types A, B, or C, Each lot is the
product of one 50 lb laboratory heat produced by ths Syracuse Research
Laboratory of Crucible Steel Campany of America, under the following

heat number and chemical analysis:

LOT 4k 10T #e5 10T #R6
High Sulfides High Bilicates High Aluminates
Heat 4090817 Heat $090819 Heat #0908106
c - 1.00 1.06 1.07
Mn - .138 27 .37
P - .002 .002 .002
s - .022 .005 .005
Si - .27 035 .20
NL - .02 .03 .03
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The chemicel anelysis and pon-metallic inclusion ratings constitute
the variebles within this group. Balls were manufectured in the

conventional meanner.
LOT 27 (Ausformed Materiel)

1t was first attempted to form AISI M-50 balls in the ausformed
condition by austenitizing the normel size ball slug and stabilizing
at 1000°F immediately prior to the foming operation. Balls were ol
quenched {mmediately after foming. Becsuse heat treaument was done
in small laboratory furnaces, which could not incorporate a controlled
atmosphere, & rather severe dscarburization and scale build-up
'resultcd. on slugs end formed balls. The forming operation also net
with difficulty. Individual handling of each slug when placing 1t
{n the die cavity introduced unavoidsble inaccuracies of slug aliun-
ment which were smplified by the vibration caused by rem motion.

This caused an irregular flash at the equator end voids in the
sphere. The majority of ithe rough formed balls were sufficlently

irregular to prohibit £inishing to Q500" diameter.

The acceptable approacl. was to susfom & solid bar by austenizing
and forging & 50% (minimum) reduction between the temperature of
1200°F and GOO°F. Balls were then cround directly from the ausi'ormed

bar stock without any edditional working or heat treatment.

Test Rig Description

Tests of lots DK, DN, DN, DL, and EB were conducted at NASA Lewvis
Research Center. Tests of subsequent lots were conducted at M-R-C

Research Laboratories. The MRC rius are esgentially the sams &8
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those designed by NASA, levis Research Center. (BSee Ref. 4 and MRC
Draving #R51053-B). The rig is & modified drill presc which has been
adapted for ball testing. The basic rig is sufficiently vercatile
that 1t may be operated at any desired speed and load, and also be
used for high temperature vork. The specimen holder portion of the
rig has been adapted to ball testing using three or four support
balls with ons test ball which may operate &at any contact anile
between 10 and 40 degrees. The specimen holder area may &lso be
sdapted to accept & test bearing operating under thrust loed. In

both ball and bearing testing, the epeed end load arc varisble.

- High temperature wvork may be accamplished by the- use of a heat

jJacket which surrounds the; gpecimen holding are&. Cartridge lype
heaters incorporated in the heat jacket allov variable testing tem-
peratures between rocm temperature and 700°F. Each rig 1s separately
driven by a three-quarter horsepovwer, 3,450 rpm motor with positive
drive, pulleys end belts. The loading mechanism i8 & lever-action

adead weight type, acting on the drill prese spindle.

Since it is important to determine the initial incidence of fatlgue
spalling, both to determine cyeles of operation and cause and
location of failure, much effort was directed to automatic shut-off
methods. Use of structure borne vibration to trigger shut-off vas
generally unsatisfactory. The presently used system has been

found to be most relieble and 1is deseribed as follows:
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A maximum of five amplifiers are powered by an externally regulated
pover supply. The output of & crystal microphone is fed through an
attenuator into a two-stage amplifier. The signal then proceeds to
a band pass filter which is composed of active elements. This filter
passes only the critical frequency range. The output of the filter
1s smplified in a power tube vhich ia turn actuates a thyration

tube. The output of the thyratron tube actuates a circuit breaker

relsy which interrupts tha power to the diive motor.

Test Machine Operation

All tests were conducted under the following conditions:

Speed - Test ball and drive spindle - 10,050 rpm
(532 stress cycles per second)

Contact Angle - 30°

Load - 800,000 psi maximum Hertz Stress

Ambient

Test Temperature

Quter Ruce

Temperature - Phase I - 1L40O°® - 155°F
Phase II - 110° - 135°F

Lubricant = MIL-L-7808

Lubricant Flow Rate - 8-8.5 gm/hr

Lubricant is introduced to the test specimen aree through a
capillary tube, assisted by alr pressure which crn be regulated
to control flow rate. Lubricant flow was varied, between lu

grems per hour, and 4.5 grams per hour. No significant difference
was noted in fatigue life due to the amount of lubricant used,

and therefore, it was determined to standardize on 8 to 8.5 grems

per hour of lubricant flov.
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Test Rig Correlation:

The tests conducted under Phase I of this program were run ati Lewiu
Ressarch Center, NASA. The teste conducted under Phase II were run
at MRC Research. A correlation therefore became necessary Letween

the two sete of rigs. The first test weas conducted on Lot DN by MRC
Research in an effort to correlate with testing of the same lot run

at Levis Research Center, Phase I. (Graph 1)

TEST RIG TEST BALL B-10 B-50
RASA Lot DN 5.6 170
MRC Lot DN 17.5 76.5

Although the correlation between NASA rigs and MRC rigs was accepteble
for SAE 52100 material, additional correla.ion testing witii AISI

M-50 material was recammended by NASA perconnel. The test conditions
vere duplicated as closely as possible, in that the M-50 test balls,
52100 slave balls, and Turbo 15 (MIL-L-7808) oil were all furnished

by NASA. (Lot A Table II, Graph 2).

Pecause of the vast difference in fatigue life between the NASA and
Lot A of the MRC tests the lubricant flow rate was suspected.

Lot B vas tested vith an increased lubricant flow rate. The results
of this test were lower than Lot A which inturn led to susplicion

of lubricant quality. Lot C was tested using a new supply of Esso
Turbo 15 oil (MIL-L-7806). The results of this test were within

the 1imits of reliability of the original NASA test. It was there-

fore determmined to be a reasconable correlation.
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One sdditional test vas conducted to compare the fresh T808 oil with
Mineral oil (WS-4138). (Lot D Table II, Graph 2) This lot also
shoved reasonable correlation with Lot C and the NASA test lot. It
vas therefore determined that continuation of testing with fresh
MIL-L-T808 would te satisfactory although the more stable character-

i{stics of mineral oil should be considered for future work.
Evaluation: Mean and Median

In nomal statistical distributionms, the terme '"mean" #nd 'median”
dsfine methods of arriving at a single value as being & reliable

messure of a group of values.

The "mean," more commonly referred o as the averege, is determined
d from the total of single values divided by the number of values, the
median is the valus corresponding o 1/2 the range of single values
vhen single values are arranged in ascending order. The meen is
slightly more affected by extreme values than the median. The
pear-equality of the two values 1s therefore an {ndication of the
apsence of extreme values andeymmetry of the frequency distributioa.

(Ret. 8).
Corrected End Grein

Lines labled "Corrected Bnd Grain" on Weibull Grephs, Series B, are

includsd for reference.

As notad in the appendix of this report, & point of contention exists
relative to the validity of corrections for stressed volume. The
report is discussed from the point of view that the correction is

not valid. To accept the valldity of the stressed volume correctlon

4
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factor doee not signiﬂcantl'y chanue the results of this report
because the limits of 90% reliability for semple sizes tested are
sufficiently wide to include corrected and uncorrected plot dletri-

butions.

Extent of Fiber Orlentation Studles

Successful fiber orientation studies were conducted on a majority
of lots from this investigation. The results and conclusions of

these studies are included in this report.

The procedures used to conduct fiber orientation studies were as

follovs:

Each failed test ball was mecro etched in elither "cammercial"” or
"reagent" grade concentrated hydrochloric acid at 230°F (110°C) for
5-10 minutes. After an alcohol rinse and wamm air dry, the location
of failure was noted in relation to its occurrence on ¢nd or side
fiver. During this study 3 number of fallures were observed to
occur at the extreme edge of the pole area extending into the &lde
fiber area. For purposes of this study, these failures were con-
sidered to be end fiber failures because it is believed that these
failures are influenced by the close proximity or presence of end

fiber material.

It is suggested thet further work be conducted which considers the
extent of the incidence of failure at the end-eide fiber intersection,

such &8 the edge of the pole area and the eguator,



Furm 406

M-R-C RESEARCH ano DEVELOPMENT LABORATORIES

-15-

J
4

Difficulty was experienced in completing fiber orientation studles

' in sams lots due to material varisbles.

AISI M-50 tool steel exhibits an extremely fine atructure. Due to
this condition, the material does not show fiber orientation with
any significant degree of clarity in the mécro etched condition.
For this reason, lots DO,’ TV, 1 end 27 are not included in fiber

orientation studies.

The same condition was true of Lots 18A, 19A, and 22B; however for

a different reason. As will be noted under the Results of the
reduction group, the balls fram 3 lots of this group did not

clearly show fiber orientation following macro etch due to insufficient
chemical segregation; which, inturm, vas due to rapid cooling of the

small ingot.

PHASE 1

Pive lots of balls were fatigue tesied during this Phase. These
lots consisted of:

Lot DK (Reference Balls Re 6&; - Greph 5, 6, 7; Table III
Lot DN (Reference Balls Rec 58) - GQraph 5, U, 9; Table IV
Lot DM (Pinch-Off) - Graph 4, 10, 11; Table V

Lot DL (Sintered)

Lot BB (Peened at 1200°F) - Table VI

10T DL

™his lot suffered extremely early catastrophic failure. The average
ball life was 0.10 hours, compared 0 average livee in excess of 25
hours for all other lots. Ko further consideration has been given %o

this material. The fatigue life of the lot is not included in the
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Composit Weibull Plot (Graph 39) nor is it included in failure
probability studies of fatigue life - fiber orientation studies.
Other testing at MRC Besearch has also resulited in extiremely low

life from cast 52100 material,
10T DM ( Pinch-Off)

The fatigue life of this lot was generally low (B-10 3.2% when
compared to its reference lot. The comparison as shown in Weibwll
Graph 4, is somewhat exaguerated due to a two point varistion in
hardness between individual balls of the reference lot. This is
probably the reason for the excessive scatter shown in lot DN (slope
0.55). Another test of the smme lo. conducted for purposes of
correlation of Phase I with Phase II showed a more reasoaable

fatigue 1ife distribution (B-10 17.5# Slope 1.35).

When this lot was etched, the end fiber arcas were not shown with
any great degree of certainty, and the tabulation of the location
of spalls is at best, a calculated guess, Sufficlent clarity vas
shown hoveves to conclude that the areas of end fiber material had
not been reduced to any significant degree by this method of

manufacture.
LOT EB (peened)

This was the only lot in this Phase which showed superior fatigue
life vhen compared to its specific reference lot. Later in the
progrem, two additional lots of peened balls were tested. Lot EB

is included in the discussion of results of tesiing these balls.

#Fatigue Life - Stress Cycles X 10°
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PHASE II

10TS LO and TV

These lots were manufactured from longitudinal and transve:sse
sections of cross-roil M-50 plate. Camparison of thess lots indi-
catas that there is no significant difference in the fatigue life
of balls manufactured by these two methods. (Graph 12) It is
unfortunate that M-50 was chosen for this portion of the investi-
gation, due to the difficulty in determining the surface fiver
orientation in the finished ball., If we trace the filer orientation
through the manufacturing process, we can estimate that Lot LO hed
" approximately 384 end fiver end that Lot TV had approximatel.y 2%
end fiber, (Fig. 1). If this relationship of end end slde curfece
fiber could be proven, results of these tests would give further
support to the theory set forth in the appendix of thils report;
that fatigue life of end and side fiber material 1s independent

of tha "stressed volume."

It is therefore, suggested that this ball manufecturing method be

{ncluded in any further work on fiter orientation studies in balls.

Blave Ball Herdness

- During the testing of Lot TV, anotier significaut difference in
fatigue life vas shown to be caused by a variation in hardness of
support balls. During this testing, the supply of support balls
vas depleted and it was necessary t acquire a nev group of support
balls. Shortly after the new support balls were in test, 1t became

apparent that the life of the test balle had Leen dractically reduced.

A subsequent check to determine the cause of this reduction in life

Form 404
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was campleted, utilizing M-50 support balls and 52100 support balls
with hardness about 2 points Rockwell ¢ higher than the original

M-l balls. The resultc of this testing are shown below and indicate
that the hardness of the cupport bells relative to the test specimen

is vitally important.

TEST SPECIMENS LIFE SUFPORT BALLS
Hardness  B-10* B-50*

Material Re Revs Revs Materiol Hardness Rc
M-50 ('rmnwersé) 62.3 36.0 269.0 N-1 02.1
N-50 (Transverse) 62.3 7.4 T1.0 N-50 ol .2
M-50 (Transverse) €2.3 8.8 Tt.0 52100 ol 1

This phencmena 1s demonstrated graphicelly in Graph 3.

It has been shown in this and other reports, that test ball hardness
has & marked influence of life. The above has shown that the slave
ball hardness also has a marked influence on life. This infomation
suggests that we can no longer depend on a graph of dynamic capacity
ag a function of hardness. Since the hardness of sach of the elements
composing & rolling contact fatigue test area affect the results, we
vould then expect that optimum life of a system will Le realized firom
optimum hardness in each member of the system as well as optim.um

hardness relationship between the members of the system,

Regardless of optimum 1ife, the hardness of each systcm membe:r and
the hardness reletionship aust be considered varisbles in 4- or 5-ball

testing and so controlled to yleld the desired resultis.

*Fatigue Life - Stress Cj cles 106

Form 406
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Questions ralsed by these results becume lhe basis for & scparate
investigation. Balls haviug several diffcrent hasdness levels

were supplied to NASA Lewl:c Researci: Labosatories for tes.. Resul's
of this testing are not i cluded hercin but will ve the sul 'ect or

a separate report.

Explosive Hardened Group

This group included Lot 5 explosively treated at Re &0 and Lot 7
explosively treated at Re 15. Both of these lots exnibited inferior

fatigue life (Graph 13, 1. ; Table VII).

-~ It 1s suspected that explcsive treatment has introduced residual
tensile stresses in the s rface of these balls. The foilowing
evidence supports this co tention. A number of valls from Lot §
exhibited cracks in the s:de grain materiel after testing. The
cracks vere shown running parallel ‘o the wear track after balls
vere macro etched in hot oncentrated hyd.rochloric‘ acid. Residual
stresses are addltive to nﬁmnne introduced by roiling contact,

the sum of these beinyg su ficient to cause failure by cracking(Ref.9).
It will alsc be noted fra Graph 15 of Lhe Explosive Hardened Gro:p
that Lot 5, exploded afte: hardening exhibited increased scatter
over Lot 7, exploded in tle soft condition, and tiie reference lot
from the seme heat of mat« rial. If the scatter of values of fatigue
life is due to randomly o.iented stress ricers in the muterial,

then the effects of & res!dual tensile stress on the surfsce of a
ball would amplify this scatter by introducing a stress pattern
which is favorable to crack propagation initiated by sueh stress

risers, Since Lot 7 was oxplosively ireated in a soft condition

¢ o R ety o T O B iSO MLt 'tﬁ“_ﬁmm Bt Ao oty M&k.— s
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and subsequently heat treated, any unfavorable residual stress
patteme imparted to the surface of ths ball by explosive treat-

ment would be reduced by any insuing heat treatment.

The study of the end and side fiber failures Lot S indicates that

the Weibull Plot is a poor choice of statistical method for the
evaluation of this type of infomation. The Welbull Plot places
emphasis on low life failures. The lower half of the greph 1is used
to plot the first 20% of the fallures, ‘ Qreat emphasis is placed
on the B-10 1life in the bearing industry because of the need for
reliability. This emphasis is Justifiable when consideiing eritical
bearing applicationg, However, when the use of the plot is extended
%o areas of more basic research, such as the investigation of materiai
properties and failure mechanimms, it introduces the danger of drawing
false conclusions. This danger is removed when & more basic statis-~
tical approach, such as the bar chart, step chart, or nomeal frequency

curve, is employed.

Consideretion of the sides fiber fallures of Lot 5, demonstrates the
above condition. Weibull Plot Graph 16 shows that the side fibver
areas of this lot are decidedly superior in fatigue 1life. When the
ssme data is evaluated by means of a step cbart (Graph 17, Table VIII)
ve find that the superiority of side fibder material is an erronecus
conelusion. While the first three failures in side fiber material
shoved a decided improvement in fatigue life over the first three

end fiber failures, the improvement is not proportional throughout
the renge of values, Iour failures occurred tetveen 19.3 and 20.0

hours. Beyond this point, failures were 100% preferential to the
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end fiber material. This is understandable vhen we consider that
the preferential tendency can be of very low megnitude and still

be sufficient to ceause & predaminance of failure in one area.

If we egain accept the theory of a random distribution of stress
risers in respect to distance from the surface and that the affect
of these strese risers is amplified by a residual tensile stress and
that the tensile stress has & greater preferential effect on end
fiber material, (analogous to the difference in tensile strength
and ductility of cold rolled sheet meterial in the longitudinal and
transverse direction) we have & set of conditions which explains

the results.

Consideration of both step chart (Grsph 18) and Weibull Graph 13,
(Teble IX) of Lot 7 shows that there 18 very little difference in
fetigue life in the end and side fibver materiesl. The frequency
aletribution of failure (Table XIII), is more favorable, with &
4LOo% end fiber frequency and 60% side fiber frequancy, which is
approaching the desired theorstical probability. This changs in
failure frequency and life distribution can only be due to the effect
of heat treatment following the explosive treatment. As previously
noted, the unfavorable residual stress patterns are reduced in
magnitude by the heat treatment. The ball, therefore, shows more
of the residual stress charasteristics imparted by the heat treat-
ment and less residual stress characteristics remaining from the

explosive operation.
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Reduction Group

This group 18 composed of Lots 184, 19A, 22A, and 22B (Graph 20).

The method of fabrication, used to produce these definite percentages
of reduction, has certain inherent disadventeges. Various small
sizes of ingots were poured and ball wire drawvn directly from the
ingot. The rapid cooling of the outer surface of the small ingot
traps gases inside, similar to the condition experienced in chill
casting. When ball wire is drawn from the porous ingot, the trapped
gas pockets are greatly elongated. The condition is still present
vwhen & ball is formed. The defects are subsequently disguised by
mearing in the high speed finishing operation. The defects,

- therefore, are present immediately below the surface of the finished
ball and are revealed by the etching reagents removing the smeared

surface.

ZABULATION OF POROSITY, FIBER ORIENTATION AND LIFE

Bvidence of
Fiber
Lot # Reduction $ Porosity Orientation B-10 B-50
18A Lo Little None 16.5 58.0
19A 60 Bxcessive None 4.3 15.5
228 75 Varying degrees Same pole- 8.0 4.0
no equator

22A 90 ‘Scattered Good Poles 15.5 60.0

Form 406
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A correlation is observed between life of the different lots of
reduction and the degree of porosity exhibited as a result of mecro
etching as will be notad from tlp prgcoding tabulation. Lot 19A
showing the poorest life, also shovs excessive porosity. Lots 18A
and 22A, Wmcamperison, show very little porosity and good life when
campared to ths rest of the reduction group. The word 'scattered’
under porosity for Lot 22A refers to scattered evidence of porosity
within the lot. It was also noted in cases vhere porosity was

evident, it was rather severe.

Lot 22B exhibited various degrees of porosity within the lot,

‘ranging from 'very little' to 'medium’' in severity. This could

very vell be the reason for increased scatter in this lot.

The intention of investigating this group was originally to show the
affects of material working on fatigue life. Due to conditions out-
lined sbove, testing has shown the affects of porosity on fatigue
1ife. These xesults are sufficiently evident to overshadow any
evidence of correlation of the degree of material working with

fatigue life.

It is also interesting to note from the same tabulation, the corre-
lation between percentags reduction and evidence of fiber orientation.
The lover percentages of reduction were made from amaller ingots.

The saaller the ingot, the more repid the cooling, and therefore,
lass time 1s allowed for grain boundary constituesnts to precdpitate

to the grain boundaries to bes attacked by the etching
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reagent and subsequently show grain-fiber orientation. Due to

this situation 1t was possible only in Lot 22A to analyze fatlures
in end and side fibers. We notice from Weibull Chart (Graph 21 ,
Teble X) and the step graph (Greph 22) of this lot thet again there
is very little difference in the Tatigue life of end and side fiber
material. Similar results are evident in reference lota of 52100
balls, and ve would have no reason to suspect otherwiase; sincs

standard ball meterial is worked in excess of 90% in the billet
stage.

Peeoned Groug

"Lots 10, 11 and EB vere peened at romm temperature, 900° and 1200°F

respectively. Micro-examination of a peened ball from Lot EB s
prior to heat treatment, revealed an area penetrating spproximately
.0002" into the surface of the ball in which carbides appeared to
be of a more uniform size and distribution. The depth of this
observable penstretion of the hot peening effect was, of course,

removed during the finishing operation.

This same condition vwas also observed in Lots 10 (Greph 23, 24;
Table XI) and 11 (Greph 25, 26; Table XII). In all three cases
fatigue 1ife has been improved by the ppening treatment. The
notable difference between the three 1ots is the scatter of resu:ts
or the slope of the Weibull Plot (Graph 27). Lot EB had a slope

of 0.87; Lot 11 had & slope of 1.76; and Lot 10 had a slope of 2.14
(1t vas erroneously reported in Quarterly Report Xo. 15 that the
slope of Lot 10 was 3.73). It is thought that residual caspressive

stress imparted to the surface of the ball by the peening tresatment
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is responsible for the varying degrees of scatter or slope noted
here. Since Lot 10 was peened after heat treatment, 1t wouwd
therefore possess the greatest level of residual canpressive stress
in the finished form. In Lote 11 and KB, stresses imparted to

the ball by the peening treatment arc partially relieved by the
presence of heat in the same treatment. Additional heat used in
the hardsning and tempering of these two lots also serve to reduce

the favorable stress 1evela‘.

If we again accept the theory that nomal scatter in the fatigue

life of bearing components is casused by sub-surface stress risers,

then & surface or immediately sub-surface residual compressive

stress of sny magnitude would counteragt creck propagation initiated
T by sub-surfece stress risers. It is then logical to assume that the

greater the residual compressive stress in a particular lot the less

the scatter to be exhibited Camparisons of and and side fiber material

from the standpoint of failure probability, (Table XIII) and lov

1life failure, (Graph 27), both indicate the superiority of room

temperature peening. As the temperature of peening approaches

room temperature, the relative number of end fiher failures decreases

and the life increases. (Greph 28, 29).

This is in line with the theory expressed concerning end fiber
failures of Lot 5 where residual tensile stress 1s belleved to be
responsible for the high frequeney of end fiber fallure, low life
fallures and high scatter. The same is true %o a progressively

lesser degree in Lot 7, 8, EB, 11 and 10.

Furm ANe
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The closeness of values of the mean and median of Lot 10 (Table XI)
(Graph 24) suggests that, the distribution of life values is Lecoming
more normal statistically whieh in tum suggests that one mode of
failure 1s predominating and therefore the other mode or modec of

failure have hesn reduced or eliminsted.

Non-Mstallic Inclusion Group

Lots 24, 25, and 26 - High Sulfides, Silicates and Aluminates (Greph

30). The results of testing of this group has ylelded an interesting

i

conparison, _
10T B-10 LOVE *
24 - Sulfides 27.0
25 - 8ilicates k3,0
26 - Aluminates 6.7 -

Here we have results of fatigue testing of 52100 material where

the varlations between the lots is within the range of specifications
of chemical analysis, however, all tihree lots would Pe rejected for
standard bearing production on the grounds of a hiigh non-metallic |
inclusion rating. The variation of ra.ﬁgw life between the lots

is more than 6 times. This definitely indicates that more vork is
needsd in this aree and that the results of such work could be of
great valus., The only correlation first evidant between the thm‘e
lots upon studying the fallure probatility (Table XIII) and fatigue
1ife of end and side fiber material (Graph 31, 32, 33) is the evidence
of lov failure probability in end fiber end the Weibull Plots (Greph
34, 35, 36) of end fiber failures in all three cases, show slightly

sgtress Cycles X 106
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superior life of the end fiber matsrial. Examination of the fatigue
1ife fiber orientation (Table XIV, XV, XVI), shov & predominance of
early life failures in side fiber areas. Again, becsuse the Weilbull
chart displays predominate emphasis on low life failures, the aide
#{ber matarial shows an exaggerated low life and therefore the end
fibers appears to have better life by comparison. The mean and median
values and step charts (Graph 31, 32, 33) of the same datae show more
radical relationships of liffe in separste areas. Lot 2k shows no
significant difference in life of end and side fiber aress. Lots

25 and 26 show decidedly superior life of end fiber material.

Ausformed Material

In eveluating Lot 27, the B-10 life is 5.4 X 10° stress cycles,

and the B-50 1ife is 30.0 X 10°. Tho slope is 1.11. The results

of this testing are exceptionally poor for M-50 material which
generslly shows better fatigue life than 52100. (Grapb 37). A
preliminary hardness check shows & relatively soft test ball.

Visual inspection of the test balls shows & well-worn track which
was fomed in a relatively short period of time. The poor perfomm-
ance of this lot was originally suspected to have resulted fram
either or both of the following conditions. Due to the excessive
time taken to incorporate the 50% minimum reduction in cross sectional
ares in the temperature rangs of the lover belly of the § curve (100°

- 1200°F), Bainits vas formed.

The resulting structure would then be one of worked Bainite rather
then ausformed. It was also suspected that due to axcessive time

at temperature required for working of the material that a decar-
burized surface resulted.
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Further investigation showed that neither of these conditions were
present in the f£inished test ball. The comparative Weibull Chart
for this lot shows the slope %o be practically identical to the
contral lot of M-50 material. However, spot checks of the test

bell hardness indicate that a full ausfommed stiructure vwas never
achieved in this particular lot of material. These balls exhibit

a ha.ﬁdmu in the rangs of Re 57, and & true ausfomm structure should
exhibit an aspparent hardness in the range of Re 68 to Re 70. The
difference in fatigcue life can, therefore, Le attributed to low

test ball hardness.
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""CONCLUBIONRS AND
RECOMMENDATIONS :

Fatigue testing of balls in NASA type five ball test rigs has been
conducted to determine affects of manufscturing variables on rolling
contact fatigus.live, Work was conducted in two phases. The initial
phase concentrated on developing manufacturing procedures and pro-
cesses that would minimize end fiber area. Subsequent testing was
directed to evaluation of affects of pon-metallic inclusioms, and
rate and magnitude of plastic defomation in material processing.

Results of this work are sumsarized as follovws:

1) 1In gensral, attempts to improve fatigue life by minimizing the
relative smount of end fiber material by new manufacturing methods

under Phase I were unsuccessful.

2) Balls treated by the peening process, shoved & significant
reduction of early life failures, thus demonstrating reduced scatter
and increesed average life. The beneficial affect may be due 0
residual compressive stress imparted by the peening process, rather
than an alteration of fiber orientation as originally conceived.
More detailed studies of the affects of variables in the peening

process should be undertaken.

3) Significant effects on fatigue life resulted from the life
testing of balls produced with slight variations in SAE 52100
chemical enalysis. This testing vas proposed to investlgate
differences in fatigue life due to excessive smounts of silicates,
aluminates, and sulfides. Two of the three lots tested, containing
excessive silicates snd sulfides, showed fatigue 1ife superior to

that of any reference lot.



M-R-C RESEARCH ano DEVELOPMENT LABORATORIES 30

k) Attempts to improve fatigus life by an explosive hardening
treatment were unsuccessful. The results of this testing sugugest
that the poor fatigue life of these balls 1sé due to residual tensile
stress imparted by the explosive treatment. This is contiguous o
the concept that residual compressive stress is responsible for

the improvements derived from peening treatment.

5) In balls manufectured by conventional methods, as demons trated
by peference lot testing, there is a tendency toward preferential
failure of end fiber material. This tendency is not stromg, because
there is no significent difference between the fatigue lives of end
and side fiber material., Consaqusntly, efforts to change the

relative smounts of end and side fiber appear to be of little value.

Additional investigation is needed in the following areas before signi-

ficant and reliable conclusions can be drawn.

6) Testing of balls manufactured from AISI M-50 cross-rolled plate
(Fig 1) suggests that the stressed volume correction factor is
invalid. Due to difficulties experienced in mecro-etching N-50
material, the above assumption could not be proven. Additional
investigation, using SAE 52100 plate material, processed similarly,

1s suggested to prove or disprove this assumption.

7) Attempts to correlate the degree of material vorking, prior to
the drawing of ball wire, with fatigue life were unsuccessful , due
to verying degrees of porosity in the ingots. It is suggested that
additional work be conducted, using sections of large, comme rcial,

vacuum degassed ingots from vhich dall vwire is swaged and drawn.
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8) Two attempts vere made %0 produce audaformed balls, Both attempts
failed to produce mcceptable balls exhibiting ausfomed structure
and properties. It is sugyested that further work be conducted on
AISI M-50 tubing of relatively thin wall, possibly utilizing a high

energy rate forming process.

9) The hardness of support balls causes significant voriation in
the fatigue life of the test ball. This indicates that an optimum
hardness exists for each cqnponent of a rolling contact fatigue

system, as vell as an optimum hardness relationship between camponents.

10) The condition of MIL-L-T808 oil causes variations in fatigue
1ife. Storage conditions or moisture, absorbed from tae atmosphere
cen cause partial break-down, forming the scid and alcohol fram
which the product is made. It is theorigzed that this break-down
may be detrimental to fatigus life. Dus to this condl tion, the
more stable characteristics of mineral oil ore recammended for

future work.
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APPENDIX:

There are two ways to evaluate balls for failure sensitivity in

end fiber areas.

Consider the number of faillures occurring in end fiber areas in
relation to the areas of end fiber present. In balls manufectured
by conventional methods, reculte of rolling contact fatigue testing
show that the number of failures in end fiber material is higher
than expected. When a ball is etched, areas of end fiber material
can be seen and measured. In balls tested under this contrect,

the areas of end fiber materiel vary between 30 and 39%. TFor the
sske of this discussion, we will consider all balls to be 35% end

fider end 65% side fiber,

Between 55 and 60% of ball failures oceur in the 35% side fiber area.
The probability of feilure of a ball track is the number of chances
for failure in a particular area or track length divided Ly the total
number of cha.néea for fallure or the total track length. This

probeability will hereafter be temed "theoretical probability."
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Any ball considered for testing in a five-ball test rig and randomly
orlented in the test spindle without respect to fiber orieantation has
a higher theoretical probability of fallure on the side fiber area,
1f the mechsnism of failure is not in any way related to these arxeas.
The theoretical probability of failure on the side fiber area 1is

0.65 and the theoretical protability of faiiure on the end fiber area

18 0.35. The total probability of failure is 1.00.

When a group of samples have been tested, and exemined for falilure
in end or side fiber areas, and correlated in tems of actual
failure probability in each area, there is a marked difference

between the actual end theoretical probabilities.

In the case of Lot 8, the actual probability of end fiber failure

of one additional ball from this 1ot is 0.bl, and the probability

of failure in the side fiber area ¢f this same vall {s 0.39. This

is prectically a complete reversal of the theoretical probability
picture, and indicates that the fallure mechenism is related to end
eand side fiber material charscteristice. This is the only conclusion
that can be drawn on the basis of & probability study. We know only
that end fiber material is more sensitive to failure than originally

assumed from aresa distribution.

The second method used in order to evaluate the degree of sensitivity
considers the fatigue 1life. Fatigue life may be expressed in hours,
revolutions, or stress cycles of a particular test sample. Failure
of the test sample is the uppearsnce of a distinct surfece lrregu-
larity or spall at any point on the test treck. The only conclusion

vhich ecan be drawn from taese data 1s that the particular point of
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failure was the weakest point on the test track and that lts weekness
was inversely proportional to the number of hours or revolutions or
stress cycles which caused it to fall. Any other point on the same
test track may have lested one minute longer or 200 hours longer -
we don't know and, therefore, we can meke no statemsnt about the
1ife of the unfailed portion of the track. If we again consider
that a ball is randomly placed in the test spindle without regard
to any fiber orientation and that in doing so, we have in effect
tested the entire ball surface (this may be & largs assumption when
ve consider a lot of only 30 balls). We arrive at the conclusion
that the point of failure is representative of the weakest point

on the ball. In a great many cases, side fiber failures occurred
in & track which ran over side and end fiber, showing that, in these

cases, the end fiber material was stronger than the side grain.

The accepted method of evaluating fatigue life of a bearing or
bearing camponent is the Weibull Plot, which is a graphical
representation of the log of stress cycles, time or revolutions,
campared to the log log of reciprocal of the median rank of survival

(in other words, the log log of the fallure probability).

When this method is applied to the data of this contract, it shows
that there is no significant difference in life of balls failed

in the end and side fiber areas.

A guestion has been raised relative to the validly of conolusions

»
based on @ach Weibull Plota. It has bwen suggesied that o correction
be made for stressed volume because the lenith of track in end fioser

meterial is smaller than ilhe length of track in side fiber material

»(Ref. 5 and 6)
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and, therefore, the theoretical probability of failure 1z le:ss in

the end fiber inaterinl. However, it has already been chown that the
theoretical probability of failure varies markedl, fram the actual
probebility which in tum proves that the actual probability of
specimen failure is not mutually independent from the theoretical
probability, and therefore cannot be statistically treated as

mutually independsnt where the product of the indspendent probabilities

equals the probability that both events will happen simultaneoualy.

In support of this theory, let us now consider the form eguation
of the Weibull plot and the effsct of a stress volume correction

on the equation.

K logL + C

oL = log F

P
_.jngLk g x 28 ¥
2 P
L0 .

ﬁ; x cLk
.0

log Fp .05
vhere K = a constant representing the slope

log log !'p

C = a constant represeating the probability intercept.

L = Life expressed in strese cycles, hours, or
revoluiions

F = the failure probability or i
P 1l-F

Notice that the application of the stressed voluume correction factor
expouentially to the failure probability equals the identical

factor spplied algebraically to the fatigue life.
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To apply & correction fector which represenis the theorctical
failure prolubility to either the life or vhe failure probalillty
is invalid., Since the theoretical probability differs from the
actual probability, the theoreticsal probability cannot be mutually

independent of the feilure probebility and therefore cannot be

treated as such.

The life of an automobile tire is usually measured in miles; but

& tire larger in circumference will have & greater life than a
small circumference tige. Why? Only because the smaller tire has
had a greater number of stress cycles on every point of its tread
z_aurface for every mile of road travel. Therefore, mileage is an
invalid measure of tire 1ife. "Stress cycles'" or "revolutions" is
a valid meesure of tire life. A tire of circumference 0,35 C is
analogous to the ball with 35% end fiber meierial. A tire of cir-
cumference 0.05 C is analogoue to & ball with 65% side fiber material.
A still larger tire with a circumference of C is analogous to the
total surface of total track length of the zeme Lall. The "slressed
volume" of the 0.3% C tire is proportional to the "stressed volume"

of the 35% end fiber material Lall. 0.05 C is proportional to t5%, etc.

The 1ife of the 0.35 C tire will bte 0.35 L when L 18 mesasured in
miles, end the life of 0.uS C will be 0.05 L, etc. DBut when life
is measured in stress cycles, the lives of boih or all three tireu
will be equael considering of course that other factors affecting
life are squal - magnitude of eeach stress cycle, speed, etc, The

same 18 true of a ball,

T 4NE
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If the life of the end fibo;‘ material is measured in total distance
travelled in end fiber, or the total number of stress cycles imposed
on & particular area, prior to failure at some point, and the side
fiber failures are treated similarly, then the life of each aree
expressed in this way would contain factors which express life in
terms of a funotion of area. This is not a legltimate oxpmuion
of ball fatigue life for the same reason that it is not & legitimate
expression of autcmobile tire life; Lecause the areas, track length

and "stressed volume" are different.

As an alternative, we may measure fatigue life in streas cycles.
Since every point on the track received an equal number of stress
cycles, and one point on the track failed as a result of repeated
stress, the fatigue life of that spot has therefore, determined the
fatigue 1ife of the track without regard to d.ifrer.‘nce in area of
end and side fiber. The information in this form will yleld the

desired ansver.

We are investigating and and side fiber materials. And we wish to
‘evaluate fatigue strength of this material. In order to do this,

we must eliminate all other variables to the best o f our ability.
Area of end and sids fiber is one of these variables, as are speed,
load, hardness, chemical analysis, etc. The attached report vill be
discussed from this point of viev. The validity of the point of

viev may be questioned; however, the extent of investigation required
to prove or disprove the point is too great to be considered further

under this contract.
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TABLE I

RAW MATERIAL INSPECTION - PHASE I
{NDUCTJON VACUUM MELTED - 52100

Heat No. 00250

Analysis:
c sS4 M S P cr Mo Cu N
1.10 .28 .34 006  ,007 1.48 0l .02 .02

Non-Mstallic Inspection:

A B c D
Top 1.0 1.0 0 1.0
Top 1.0 1.0 0 1.0
Bottom 1.0 1.0 0 1.0

All thin Series

Hardenability: Rc 64/65

Acid Test: Satisfactory

Fracture Inspsction: Satisfactory

Magnaflux: Step-Down Test
Totel Length
' No. Indications of Indications
Top 0 0
Bottom 0 0

Cerbide Distribution: Satisfactory
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LOT DK

FATIGUE LIFE - FIBER ORIENTATION
CORRELATION ON LIFE AT FAILURE POINT

Ball
No. Location of Spall

12 Invalid
30 BEnd Grain
2 B8ide Grain
15 Invalid
35 8ide Grein
9 S8ide Grain
29 End Grein
20 Suspended
16 Invalid
1 Bnd Greain
4 . End Grain
21 8ide Gruin
1 Invalid
3 Bnd Grain
17 BEnd Grein
8 Invalid
32 End Grain
18 S8ide Grein
26 Invalid
23 8ide Grain
K} End Grain
13 8ide Grain
38 Invalid
T Invalid
25 End Grain
36 Suspended
2k Bnd Grain
37 8ide Grain
28 Suspended
Total Hours
Balance Suspended
Mean Life
Medien Life

TABLE III

(REFERENCE BALL)

Life - End Grein

3.3

57.5

129.5
138.1

b71.1
b7.1

29.1

Life -

i

Bide Grain

39.5
55.7
B3.4

43,1

309.8
51.6

3.5



M-R-C RESEARCH ano DEVELOPMENT LABORATORIES

47
TABLE IV
LOT DN (DOMT REFERENCE BALLS ke 50)
FATIGUE LIFE - FIBER ORIBNTA1ION
CORRELATION ON LIFE AT FAILURE POINT

Ball
No. Location of Spall Iife - End Gruin Life €1de Grudn
8 End Grain 1.9
14 Side Gruin 2.5
13 End Grain 2.9
6 End Grain 2.9
L End Grain 3.0
15 End Grain 3.0
Lo Side GCrain RS
23 8ide Grain L.1
7 - 8ide Cruin Lo
26 S8ide Grain Ll
28 End Grain 8.8
16 Side Grain 22,5
25 End Grain R
20 Side Graiu ha.o
3 Side Grain 43.9
32 Bnd Grain 52 &
1 End Graip 55 .4
39 8ide Grein ©5.0
33 End Gmain 103.2
9 Bnd Grain 120.3
36 8ide Grain 1460y
27 End Grein 148.5

Totul Hours 5339.9 342,20

Mesn Life 45,0 k.2

Median Life 20.1 14,
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FATIGUE LIFE - FIBER ORIENTATION
CORRELATION ON LIFE AT FAILUKE POINT

TABLE V

LOT DM (PINCH-OFF)

Ball
No. Location of Spall Life - End Grain
1 Side Grain
3 End Grain 0.7
S End Grain 1.3
17 Invalid
8 End Grain 1.8
37 Side Gredin
2 8ide Grain
12 Side Greain
10 8ids Grain
39 End Grain 3.2
36 S8ide Grein
T End G.ain 5.3
3k Bnd G.eadn 6.0
38 End Grain 8.5
23 8ide Grain
2 End Grain 9.2
13 Invalid
21 End Grain 10.5
9 Side Grein
6 Sids Graln
27 8ide QOrain
4o Side Grain
32 8ide Greain
28 Invalid
31 Side Grain
33 End Grain 13.4
19 Sida Grein
35 Side Grain
11 Side Grein
29 Bide Grain
26 End Grain 16.3
22 End Grain 19.6
15 End Grain 20.2
30 End Grain 22.3
k End Grain 22.8
25 End Grain 27.9
1k Side Grain
18 Side Grain
20 Side Grain
16 Side Grain
Total Hours 189.2
Mean Life 11.8

Nedlan Life 9.8

43

Life - Side Grain

0.7

e

-9

w NN
-~

11.3
ll.u
11l.0
12,1
12.3

o)

13.

[
Lo

MR G

1k,
15.

@ |5
¢ Fp%;
o C\Oo W

o
N o
-
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TABLE VI

LOT EB (PEENED AT 1200°F)

FATIGUE LIFE - FIBER ORIENTATION
CORRELATION ON LIFE AT FAILUKE POINT

Bell
No. Location of Spell
L3 End Grain
1h Bnd Grain
15 S8ide Grain
32 End Grain
24 End Grain
33 End G.ain
0 End Grain
10 Side Graln
27 Invalid
13 Side Grain
35 Invalid
18 End Grain
20 8ide Grain
16 End Grain
37 End Grain
30 End Grain
34 BEnd Grain
L2 Side G:ain
25 S1de Grain
20 Invelid
21 Invalid

1l End Grain

b End Grain

Total Hours
Mean Life

Median Life

Life - End Grein

k7.0

60,8
73.5
87.8
9u.T

206.3
200, 4

822.3
©3.3
k7.0

Life -

49

£ide Grain

6.5

18,4

ar7.3

4.8

lac.7
153.7

3824
3.7

36.5
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Ball
No. Location of Spall
12 8ide Grain
11 Side Grain
13 Invalid
20 Bnd Grain
1l Bnd Grain
7 End Grain
L Bnd Grain
18 Side Grain
3 End Grain
2 End Grain
15 ~ End Grain
21 Side Grain
6 Bnd Grain
19 Side Grain
28 Suspended
14 Bnd Grain
9 Suspendsd
a7 8ide Grain
22 Side Grain
30 End G.ain
17 End Grain
29 End Grain
25 End Grain
8 S8ide Grain
16 Side Grain
26 Suspended
5 Suspended
33 Suspended
32 Suspended
10 Bnd Grain
3 Suspended
Total Hours
Mean Life
Median Life

TABLE VII

Life - End Grain

LOT #8 (REFERENCR)
FATIGUE LIFE - FIBER ORIENTATION
CORRELATION ON LI}E AT FAILUKE POINT

=
C Fw e

F W9 wwhHo

5 pes

0.8

\Nn

FasH
owwo

189.7

730.8
52.2
36.7

Life - Side Grain

2.7
3.3

490.1
54.5
4o 2
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TABLE VIII

LOT #5 (EXPLOSIVE HARDENED Rc 60)
FATIGUE LIFE - FIBER ORIENTATION
CORRELATION ON LIFE AT FAILURE POINT

Ball
No. Location of Spall Life - End Grain
34 Invalid
31 End Grain 0.9
35 End Grain 1.0
29 End Grain 1.9
T Side Grein
3 End Grain 3.9
25 Invalid
32 Side Grain
6 End Grein 1i.1
28 Side Grain
2 - End Grain 17.8
19 Side Grain
L Side Grain
- 26 Side Grain
21 Side Grain
18 End Qrain 21.8
30 Invelid
27 End Grain 24.8
14 End Grain 28.7
17 Invalid
13 End Grain Ly 6
33 Invalid
10 End Grain 54,0
12 End Grain T0.0
11 End Grain T2.3
15 Invalid
20 End Grain 79.8
23 Suaspended
8 End G.ein 80.8
Total Hours 514.6
Mean Life 34.3
Median Life 2L.8

Life - Side Grain

3.7

14,9

19.3
19.k4
19.¢6
0.0

103.7
LN

19.3
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TABLE IX

LOT #7 (EXPLOSIVE HARDENED Rc 15)
FATIGUE LIFE - FIEER ORIENTATION
CORRELATION ON LIFE AT FAILURE POINT

Ball
No. Location of Spall Life - End Qrain
28 Bnd Grain 2.0
36 £1ide Grain
11 End Grain 2.2
34 Side G.ain
22 €1de Grain
17 Side Grain
26 Bnd Grain L.o
32 Side Grain
1k §ide Grain
6 " End Grain 1.7
39 5ide Grain
19 End Qrain 8.7
29 End Grain 11.2
31 Side Grain
21 End Grain 12.7
3 End Grain 12.9
10 End G:.ain 1o.0
18 Side Grein
30 Eide QGrain
5 Side Grain
12 Suspended
2 £ide Grain
27 End Grain 23.0
20 End Grain 20.0
2k 8ids Grain
" £1de Grain
1 End Grain 28.6
8 gide Grain
16 8ide Grain
25 Sids Grain
33 Suspended
15 8ide Grain
Total Hours 155.6
Mean Life 12.9

Medlan Life 11.9

52

Life - Side Grain

12.2

16.0
lo.d
20.0

]
w
(@)

v
cC O

W R
U m W

J

(0] AS 1 i s o

l-‘j

339.2
18.8
16,4



M-R-C RESEARCH ano DEVELOPMENT LABORATORIES

TABLE X

LOT 22A
FATIWIE LIFE - FIBER OKRIEN[ATION
CORRELATION OR LIFE AT FAILURE POINT

Ball

No. Location of Spall Life - End Grain
22 8ide Grain

27 End Grain 5.6
18 8ide Grain

28 g8ide Grain

9 End Grain 9.6
11 Side Grain

21 End Qrain : 10.0
12 End Grain 11.4
32 ~ End Grain 14,k
31 8id= Grain

b Side Grain

15 Side Grain

1 Side Qrain

5 Invelid

10 End Grain 3L.0
3 Side Grain
20 Side Grain
24 End Grain 37.4
17 Side Grsin

8 Side Grain

26 Side Grain

30 Side Grain

7 Side Grain

6 End Grein 51.3
e £5ide Grain
29 Suspended

16 Side Grain

13 End Grain 87.8
25 Side Grain

19 End Grain 91.k

Total Hours 349.9
Mean Lifa 35.0

Median Life 22.7

53

LLife - Side Grain

17.
18.
21.
au.,

o O\

e 7
35.7

36.0
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TABLE XI sY

LOT #10 (ROOM TEMPERATURE PEENED )
PATIGUE LIFE - FL3ER ORIERNTATION
CORREL/ITON ON LIFE AT PAILURE POINT

Ball

No. Location of Spall Life - End Grain Life - Side Grain

12 8ide Grain 8.4

27 8ide Grain 13.2

7 End Grain 23.6

20 Bide Grein 268.1

23 End Grain 28.2

10 Invalid

2L Invaliid

11 Invalid

18 Side Qrein 36.0

17 . 81ée Grain 39.3

2l S8ide Grain 43.0

8 End Grain hs.1

1 End Gredn 50.2

5 Side Grein 52.1

30 €ide Grein 55.9

13 Side Grein ol 1

9 Side Grain 65.1

6 Bnd Grain 69.1

15 81de Grain 5.7

26 8ide QGrain £0.0
Total Hours 216.2 560.9
Mesan Life 43,2 Wi.2

Median Life bs.1 b7.5
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5%
TABLE XII
LOT #11 (PEENED AT 9CO°F)
FATIGUE LIFE FIBER ORIENT/TION
CORRELATION ON LIFE AT FAILURE POINT

Ball ‘
Ko. Location of Spall Life - End Grain Life - Side Gruin
27 Invalid
5 End Grain 7.6
23 End Grain 9.9
25 Invalid
'3 End (Grain 4,7
b End Grain 16.2
20 End Grain 1T7.3
T Side Grain 19.5
9 End Grain 19.7
20 - Invalid
17 End Grain 25.0
24 Side Grain 27.5
10 Invalid
28 Side Grain 30.0
b Side Grain " 33.4
3l Side Grain 33.5
30 End Grain 37.8
1 Side Grain 36,
15 Side Grain 38,0
6 Side Grain 39,
13 End Grain 58.2
21 Side Grain ol
19 Invalid
16 Side Grein 73.9
12 Invalid
8 Invelid
11 Side Crain 208.0

Total Hours 200.4 _ 607. 1

Mean Life 22.9 55.2

Medien Life 17.3 3.6
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TABLE XIV

Life - End Grain

LOT #eb (SULFIDES)
FATIGUE LIFE - FIBER ORIENTATION
CORRELATION ON LIFE AT FAILURE POINT

Ball

No. Location of Spall

36 End Grain

39 Invalid

k3 Side Grain

16 Side Grain

L7 Side Greain

37 £ide Grein

22 End G.ain

1l Side Grain

L5 Invalid

38 Invalid

26 End Grain

17 Invalid

k2 Side Grain

3k End Grain

32 Side Qrein

18 S8ide Grain

28 Invalid

15 Side Grain

8 End Grain

29 End Qrein

33 S8ide Grein

19 Invalid

21 Side Grain

11 End Grain

48 Side Grein

9 S8ide Grain

30 Suspended
Total Hours
Mean Life
Median Life

8.2

26.2

105.0

30l.2
51.6
38.9

s7

Life - Side Groin

12.9
7.5
17.9
23.0

27.1

37.5

4o,y
4.5

81.0
93.%

11,7
140.3

TLL.9
54 O

ko.t
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TABLE XV

10T #25 (HIGH SILICATES)
FATIGUE LIFE - FIBEER ORIENTATION
CORRELATION ON LIFE AT FAILURE POINT

Ball
No. Location of Spall Life - Bnd Grain
19 Side Grain
36 g1de Grain
34 Side Grain
20 8ide Grain
38 Side Grain
L End Grain 30.0
11 End G.ain 30.7
3 8ide QGrein
k1 Side Grein
1 . 8ide Qrain
39 Side Grein
13 S8ide Grain
37 8ide Grain
28 Invalid
22 5ide Grein
2k Sids Grein
31 Invalid
4o Side Grain
1k Bnd Grain 108.8
29 Side Grain
23 Side Grain
27 8ide Grain
30 End Grein 17.7
5 Side Grain
15 Bnd Grain 189.8
32 Suspended
6 Side Grain
9 S84de Grain
10 Side Grain
18 Suspended
25 Suspended
Total Hours 531.0
Meen Life 106.2
Median Life 108.8

59

Life - Side Grain

13.7¢
15.7
19.0
23.7
28.5

38.6
39.2
39.7
R7.4
55.0

5T.5

59.9
01.8

7.

(Y

li3.
128.
109,

——

L

183.

A9

25k4 .
2v0.
202,

C =T

1978.7
9k.2
57.5
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59
TABLE XVI
LOT #26 (HIGH ALUMINATES)
FATIGUE LIFE - FIEER ORIENTATION
CORRELATION ON LIFE AT FAILURE POINT
Ball
No. Location of Spall Life - End Grain Life - Side Grain
1 Side Grein 1.3
1k Side Grain 2.Y
37 Invalid
10 Side Grain 3.7
29 Side Grain 3.7
11 Side Grain 50
20 Invalid
34 Side Grain 1.9
31 . End Qrain 12.3
9 Side Grain 15.4
23 Invalid
38 Side Grain 19.4
26 End Grain 2k.0
17 End Grain 20.3
3 8ide Grain 23.0
6 End Grain 38.1
2 Side Grain 38.:
8 Side Grain 38.2
12 8ide Grain 0.y
35 Side Grein 39.7
16 Bnd Grain 46.6
li Bide Grain kg 0
Side Grain k9.
5 Sucpended
36 Suspended
21 End Grain 99.7
33 Suspended
13 End Grain 124.8
e Side Grein 130.uL
15 End Grain 130.9
7 End QGrain 100.5
18 Suspended
Total Hours 653.2 475 .0
Mean Life 73.7 29.7

Median Life Lho.e 23.7
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